ABSTRACT: N 5 -Carboxyaminoimidazole ribonucleotide synthetase (N 5 -CAIR synthetase) converts 5-aminoimidazole ribonucleotide (AIR), MgATP, and bicarbonate into N 5 -CAIR, MgADP, and P i . The enzyme is required for de noVo purine biosynthesis in microbes yet is not found in humans suggesting that it represents an ideal and unexplored target for antimicrobial drug design. Here we report the X-ray structures of N 5 -CAIR synthetase from Escherichia coli with either MgATP or MgADP/P i bound in the active site cleft. These structures, determined to 1.6-Å resolution, provide detailed information regarding the active site geometry before and after ATP hydrolysis. In both structures, two magnesium ions are observed. Each of these is octahedrally coordinated, and the carboxylate side chain of Glu238 bridges them. For the structure of the MgADP/P i complex, crystals were grown in the presence of AIR and MgATP. No electron density was observed for AIR, and the electron density corresponding to the nucleotide clearly revealed the presence of ADP and P i rather than ATP. The bound P i shifts by approximately 3 Å relative to the γ-phosphoryl group of ATP and forms electrostatic interactions with the side chains of Arg242 and His244. Since the reaction mechanism of N 5
-CAIR synthetase.
The original pathway proposed for de noVo purine biosynthesis by Buchanan in the late 1950s involved the 10-step conversion of phosphoribosyl pyrophosphate into the common branch-point intermediate inosine monophosphate (1) . This view of purine biosynthesis existed well into the mid-1990s until it was discovered that the 10-step pathway was not universal across all organisms (2-4). Indeed, de noVo purine biosynthesis is different in microbes versus humans, and the difference centers around the synthesis of the key intermediate, 4-carboxy-5-aminoimidazole ribonucleotide (CAIR). 1 In bacteria and yeast, CAIR is produced from 5-aminoimidazole ribonucleotide (AIR) by the action of two enzymes rather than one as in higher eukaryotes (Scheme 1). The first of these, N -CAIR mutase, catalyzes a rearrangement in which the CO 2 group from N5 of the substrate is moved to the C4 position thereby generating CAIR. Strikingly, humans contain neither enzyme. Instead, AIR is converted directly to CAIR via the action of AIR carboxylase (5) . Although amino acid sequence and structural comparisons have shown that AIR carboxylase is evolutionarily related to N 5 -CAIR mutase, each enzyme is specific for its own substrate (5) .
Clearly, de noVo purine biosynthesis has evolutionarily diverged among lower and higher organisms. This divergent nature of a primary metabolic pathway has significant ramifications for the design of novel antimicrobial agents. Genetic studies have shown that both N 5 -CAIR synthetase and N
5
-CAIR mutase are required for microbial growth (6) (7) (8) (9) . Deletion of either enzyme results in a purine auxotroph that is unable to propagate in human or mouse serum and is not viable in animal models predictive of disease (6, (10) (11) (12) . These results support the conclusion that inhibitors of these enzymes could be potential antibacterial and antifungal agents.
The first structural analysis of an N 5 -CAIR synthetase, namely, that from Escherichia coli, was reported in 1999, and it demonstrated that the enzyme contained a threedomain architecture similar to those proteins belonging to the ATP-grasp superfamily as indicated in Figure 1 (13) . Members of the ATP-grasp superfamily catalyze a wide range of ligation reactions (14, 15) . Their reactions are thought to proceed through the formation of an acyl phosphate intermediate, which is attacked by a nucleophile leading to a tetrahedral intermediate that ultimately collapses to form the product. The bound nucleotides in ATP-grasp superfamily members are invariably located wedged between the B-and C-domains (Figure 1 ). For the initial structural analysis of N 5 -CAIR synthetase, two complexes were reported, a sulfate-liganded structure determined to 2.1-Å resolution and a MgADP-liganded structure solved to 2.5-Å resolution (13) . The sulfate in the former structure was thought to mimic where the carboxyphosphate intermediate is stabilized within the active site region. Due to the limited resolution, however, it was not possible to either describe in detail the hydrogen-bonding pattern between the nucleotide and the protein or discuss the coordination geometry surrounding the magnesium ions. Such information is critical for structure-guided drug design.
Given the importance of N
-CAIR synthetase for microbial growth, we recently initiated a project aimed at both identifying suitable inhibitors of the enzyme and determining higher resolution X-ray structures. High-throughput screening has already revealed 14 compounds that inhibit the E. coli enzyme to varying degrees (unpublished results). Some of these compounds display noncompetitive kinetics with respect to both AIR and ATP, thus suggesting that they bind at locations distinct from the active site cleft. To gain additional information, we crystallized N 5 -CAIR synthetase from E. coli complexed with either AIR and MgATP or aminopyrazole ribonucleotide (an inhibitor) and MgATP. The 1.6-Å resolution structure of the enzyme complexed with the inhibitor and MgATP revealed only the presence of MgATP in the active site. Interestingly, for the structure of the enzyme complexed with MgATP and AIR, there was no density for the substrate and the MgATP ligand had been hydrolyzed to ADP and P i . As such, these two structures provide snapshots of the active site geometry before and after ATP hydrolysis. In addition, the location of the inorganic phosphate is different than that observed for sulfate in the original analysis of N 5 -CAIR synthetase, and thus it may represent a better mimic for where the carboxyphosphate intermediate is stabilized. On the basis of these two structures and model-building AIR into the active site cleft of N 5 -CAIR synthetase, we propose a reaction mechanism for the enzyme and discuss the possible roles of conserved amino acid residues in catalysis.
MATERIALS AND METHODS
Cloning, Expression, and Purification. Genomic DNA from E. coli w3110 (ATCC 39936) was isolated by standard procedures. The purE/purK genes that encode N 5 -CAIR mutase and N
5
-CAIR synthetase, respectively, were PCRamplified using primers that introduced a 5′ NdeI site and a 3′ XhoI site. The purified PCR product was A-tailed and ligated into the pGEM-T (Promega) vector for screening and sequencing. A PurE/PurK-pGEM-T vector construct of the correct sequence was then appropriately digested and ligated into a pET31b(+) (Novagen) plasmid for protein expression.
The PurE/PurK-pET31 plasmid was used to transform HMS174 (DE3) E. coli cells (Novagen). The culture in LB media was grown at 37°C with shaking until an optical density of 0.7 was reached at 600 nm, which was then followed by induction with 1 mM IPTG. These cells were subsequently allowed to express protein at 37°C for 6 hours. N 5 -CAIR synthetase was purified according to previously published procedures (2) . The final sample was dialyzed against 10 mM Tris-HCl and 200 mM NaCl at pH 8.0 and concentrated to 17 mg/mL.
Structural Analysis of N 5 -CAIR Synthetase. Crystallization conditions were initially surveyed by the hanging drop method of vapor diffusion with a sparse matrix screen developed in the laboratory. The protein sample contained 10 mM MgATP and either 10 mM AIR or 10 mM aminopyrazole (gift of Dr. V. Jo Davisson). Larger crystals were subsequently grown via hanging drop vapor diffusion against 20-25% monomethylether poly(ethylene glycol) 5000 at pH 7.5. Crystals grown in the presence of the substrate belonged to the space group C2 with unit cell dimensions of a ) 128.8 Å, b ) 70.5 Å, c ) 88.7 Å, and ) 124.3°, whereas those grown in the presence of the inhibitor belonged to the space group P1 with unit cell dimensions of a ) 57.1 Å, b ) 57.1 Å, c ) 59.2 Å, R ) 77.5°, ) 82.3°, and γ ) 77.3°. Both crystal forms contained one dimer per asymmetric unit.
X-ray data from both crystal forms were measured at 100 K at SBC-CAT Beamline 19-ID using the SBC-3 CCDdetector. These data were processed and scaled with HKL2000 (16) . Prior to X-ray data collection, the crystals were stabilized by transfer into a 30% poly(ethylene glycol) solution containing 400 mM NaCl, 10 mM MgATP, 15% ethylene glycol, and 10 mM of either AIR or aminopyrazole ribonucleotide. Relevant X-ray data collection statistics are presented in Table 1 . The structures were solved via molecular replacement with Phaser (17) using the original structure of N 5 -CAIR synthetase solved in this laboratory as the search model (PDB accession code 1b6s). Subsequent least-squares refinement with the software package TNT (18) reduced the R-factors to 17.8% for the MgATP/aminopyrazole ribonucleotide cocrystals and 16.0% for the MgATP/AIR cocrystals for all measured X-ray data from 30 to 1.6 Å resolution. No electron density was observed for the aminopyrazole ribonucleotide ligand, and thus this complex shows the structure of the enzyme before ATP hydrolysis. The ATP/AIR complex did not show electron density for the substrate, AIR, but only for MgADP and P i . As such this complex represents the posthydrolysis structure. Relevant refinement statistics are presented in Table 2 .
RESULTS AND DISCUSSION

Structure of N
-CAIR Synthetase Complexed with MgATP.
Crystals employed for the structural analysis of this complex contained one dimer per asymmetric unit, and the X-ray data extended to a nominal resolution of 1.6 Å. The overall quality of the dimer model is excellent with 94.4% and 5.6% of the polypeptide dihedral angles lying within the core and allowed regions of the Ramachandran plot, respectively. The two subunits correspond to a root-mean-square deviation of 0.16 Å, and thus for the sake of clarity the following discussion refers only to subunit 1 in the X-ray coordinate file.
A superposition of the N 5 -CAIR synthetase/MgATP complex model with that of the apo-form of the enzyme shows that the A-and C-domains adopt similar positions, but the B-domains are in different orientations. Specifically, the R-carbons for the A-and C-domains superimpose with root-mean-square deviations of 0.45 and 0.31 Å respectively, whereas the B-domains correspond with a root-mean-square deviation of 0.83 Å. The loop extending from Thr123 to Gly130, which is disordered in the apoenzyme structure, becomes ordered with Gly125, Tyr126, Asp127, and Gly128 forming part of the binding pocket for the γ-phosphoryl group of ATP.
In the original structural analysis of N 5 -CAIR synthetase, it was suggested that there might not be a second magnesiumbinding site associated with the nucleotide (13) . As can be seen in Figure 2a , however, there are clearly two magnesium ions accompanying the ATP ligand. Each of these magnesiums is octahedrally coordinated with metal-ligand bond lengths ranging from 1.8 to 2.3 Å. A close-up view of the active site pocket is presented in Figure 2b . The backbone amide group of Ile156, the carbonyl group of Gln154, and the side chains of Glu153 and Lys120 form hydrogenbonding interactions with the adenine ring of the nucleotide. In addition to its interaction with the adenine ring, the side chain of Lys120 lies within 2.7 Å of an R-phosphoryl oxygen. The nucleotide ribose adopts the C 3′ -endo pucker with the C-2 and C-3 hydroxyl groups anchored to the protein via the carboxylate side chain of Glu161. In addition to Lys120, there is a second positively charged residue, Arg80, that lies within 2.8 Å of the -phosphoryl oxygen that is involved in metal ligation. One of the magnesiums, labeled "A" in Figure 2b , is ligated by an R-phosphoryl oxygen, a γ-phosphoryl oxygen, a water molecule, the side chain of Glu226, which functions as a bidentate ligand, and finally an oxygen contributed by Glu238. The second magnesium, labeled "B" in Figure 2b , is surrounded by a -phosphoryl oxygen, a γ-phosphoryl oxygen, two water molecules, and the carboxylate oxygens of Glu238. These two metals are separated by 3.7 Å with Glu238 serving as the bridging ligand. This arrangement of the magnesiums and their accompanying coordination spheres is virtually identical to that observed in E. coli purT-encoded glycinamide ribonucleotide transformylase (PurT), another enzyme involved in de noVo purine biosynthesis (19) . On the basis of both structural and sequence alignments, it was postulated that Asp127 in N
5
-CAIR synthetase might function as a metal ligand (13) . In fact, the carboxylate group of Asp127 is situated over 7 Å from the metals, but its backbone amide nitrogen does participate in a hydrogen-bonding interaction with one of γ-phosphoryl oxygens of ATP.
Structure of N
-CAIR Synthetase Complexed with MgADP and P i . Crystals used for this structural analysis were grown in the presence of MgATP and AIR. They also contained a dimer in the asymmetric unit, and the X-ray data extended to 1.6 Å resolution. A Ramachandran analysis demonstrates that 94.3% and 5.7% of the backbone dihedral angles fall within the core and allowed regions, respectively. The R-carbon positions for the two subunits superimpose with a root-mean-square deviation of 0.5 Å, which is higher than that observed for the enzyme/MgATP complex model. This higher value is due to differences in the B-domains between the two subunits in the dimer. In subunit 1, the loop between Gly125 and Gly130 is ordered, albeit the electron density is weaker suggesting flexibility. The corresponding loop in subunit 2 is disordered as observed in the apoenzyme structure. In light of this disorder, the following discussion refers only to subunit 1.
The initial analysis of the map revealed no electron density for AIR, and in addition, the electron density corresponding to the MgATP clearly revealed that it had been hydrolyzed to MgADP and P i as shown in Figure 3a . Again there are two magnesium ions present in the electron density. A closeup view of the active site with bound MgADP and P i is presented in Figure 3b . The -and γ-phosphorus atoms are now separated by 4 Å. As can be seen, the adenine and ribose moieties are accommodated within the active site cleft in nearly an identical fashion as that observed for MgATP. The main differences between the pre-and posthydrolysis states occur around the magnesiums. First, Glu226 is no longer a bidentate but rather a monodentate ligand to the "A" metal. The other ligands to this metal include a water molecule, a phosphoryl oxygen donated by the inorganic phosphate, an R-and a -phosphoryl oxygen from the ADP, and an oxygen contributed by Glu238, which still serves to bridge the two metals. The inorganic phosphate shifts in the active site by ∼3 Å relative to the γ-phosphoryl group of ATP thereby allowing its electrostatic interactions with the side chains of Arg242 and His244. Neither of these two residues is strictly conserved among members of the ATP-grasp superfamily (15) . In addition to these side chain interactions, the inorganic phosphate lies within hydrogen-bonding distance of the backbone amide nitrogen of Asp127. In the original structure of N
-CAIR synthetase solved in the presence of MgADP (13), there was no inorganic phosphate observed in the active site. As a consequence, the loop delineated by Gly125 to Gly130, which includes Asp127, is shifted slightly away from the active site. If this loop is excluded, however, the R-carbons for the two models are very similar and superimpose with a root-mean-square deviation of 0.48 Å. Metal "B" in the present structure is coordinated by an oxygen from the inorganic phosphate, two waters, a -phosphoryl oxygen, (21) and glycinamide ribonucleotide is known (19) . PurT catalyzes the formylation of glycinamide ribonucleotide using ATP and formate, and its reaction mechanism is thought to proceed via a formyl phosphate intermediate in a manner analogous to N 5 -CAIR synthetase. These two enzymes demonstrate both a high degree of amino acid sequence homology (25% identity and 42% similarity based on 305 aligned residues) and structural homology (root-mean-square deviation of 1.7 Å for 285 R-carbons). A superposition of their active sites near the binding pocket for glycinamide ribonucleotide is presented in Figure 5a . In light of their high degree of three-dimensional similarities, it is possible to propose with reasonable confidence the location of the AIRbinding pocket in N
-CAIR synthetase as shown in Figure  5b . The model for AIR was placed into the active site according to that observed for glycinamide ribonucleotide in PurT. According to this model, both Lys307 and Arg313 from the C-domain provide electrostatic interactions with the phosphoryl group of AIR. The side chains of Gln11 and Glu49 from the A-domain also contribute to the binding pocket. In particular, we propose that the carboxylate group of Glu49 hydrogen bonds with the 2-and 3-hydroxyl groups of the ribose. Note that in the initial structural analysis of N 5 -CAIR synthetase, the phosphate of AIR was proposed to interact with a "P-loop" defined by Gly8 to Leu12. This region, however, does not classify as a canonical "P-loop", which requires the consensus sequence of Gly-Xaa-Xaa-XaaXaa-Gly-Lys-Thr/Ser. Finally, in the model presented in Figure 5b , Lys314 lies within hydrogen-bonding distance of N5 of AIR which, in turn, is situated at ∼7 Å from the γ-phosphorus. As discussed below, this residue may play an important role in catalysis. Asp127, contributed by the B-domain, lies within hydrogen-bonding distance of Lys314.
A Possible Catalytic Mechanism. Members of the ATPgrasp superfamily catalyze the same basic reaction, namely, a nucleophilic attack on an ATP-activated electrophile. The specifics of the nucleophile and electrophile are different for each reaction, but usually the nucleophile is an amine and the group to be activated is a carboxylic acid. Many members of the family, including N 5 -CAIR synthetase, biotin carboxylase, and carbamoyl phosphate synthetase, utilize bicarbonate as the carboxylic acid component of the reaction. In all of these enzymes, research has demonstrated that one oxygen atom from bicarbonate is transferred to the inorganic phosphate product during the course of the reaction, a result consistent with the generation of carboxyphosphate (3, 22, 23) . The structure of the ADP/P i complex, along with the proposed AIR binding site, provides us with an opportunity to offer a model of the ADP/AIR/carboxyphosphate complex ( Figure 5c ). This complex, in turn, suggests a catalytic mechanism for N 5 -CAIR synthetase (Scheme 2). The first step is the attack of bicarbonate on the γ-phosphorus atom of ATP. Here we propose that the attack takes place via a pseudochair transition state in which the proton on bicarbonate forms an intramolecular hydrogen bond to one of the oxygen atoms of the γ-phosphate. Herschlag and Jencks previously demonstrated that hydrogen bond formation in phosphoryl transfer reactions to bicarbonate serves to remove unfavorable interactions in the transition state (24) . Once phosphoryl transfer occurs, quantum mechanical calculations indicate that carboxyphosphate is approximately 13 kcal/mol more stable in the chair conformation than in the extended conformation (S. Firestine, personal communication) suggesting that it remains in the pseudochair conformation.
We superimposed the phosphate group of the pseudochair conformation onto the experimentally observed inorganic phosphate in the ADP/P i complex. According to our model (Figure 5c ), the carboxyl group of carboxyphosphate is ∼4 Å away from N5 of AIR, a distance somewhat longer than would be expected for a direct attack on the carbonyl group. Furthermore, the angle of attack of the amine on the carboxyl group is not ideal. These observations suggested to us that carboxyphosphate decomposes to CO 2 , which migrates to a position in the active site that is favorable for attack by AIR.
What triggers the decarboxylation of carboxyphosphate? The pseudochair conformation of carboxyphosphate allows for the phosphate group to act as an intramolecular base to remove the proton from the acid resulting in the generation of CO 2 and HPO 4 -2 . Such a reaction has precedent in the decomposition of carbamoyl phosphate (25) and in product inhibition studies on biotin carboxylase, which have shown that HPO 4 -2 is the product released from the enzyme (26) . Once CO 2 is positioned near AIR, N5 of AIR needs to be deprotonated. Both Lys314 and Asp127 are close to N5, and thus either one or both in conjunction could serve as the base. Thus Asp127, once proposed to be a ligand to the magnesium ion, more likely plays a role in activating AIR Scheme 2 for attack. Both Asp127 and Lys314 are strictly conserved in 100 aligned N 5 -CAIR synthetase amino acid sequences deposited in data banks to date. Site-directed mutagenesis experiments are presently underway to examine the role of these amino acids in catalysis.
In summary, the structures described here provide a more complete description of the N 5 -CAIR synthetase active site and allow for the proposal of a catalytic mechanism that can be tested by both site-directed mutagenesis experiments and kinetic measurements. Understanding the subtleties of the N 5 -CAIR synthetase active site will have important ramifications for the development of new antibacterial and antifungal agents.
